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Abstract The radiative feedback from clouds remains

the largest source of variation in climate sensitivity

amongst general circulation models (GCMs). A cloud

clustering methodology is applied to six contemporary

GCMs in order to provide a detailed intercomparison and

evaluation of the simulated cloud regimes. By analysing

GCMs in the context of cloud regimes, processes related

to particular cloud types are more likely to be evaluated.

In this paper, the mean properties of the global cloud

regimes are evaluated, and the cloud response to climate

change is analysed in the cloud-regime framework. Most

of the GCMs are able to simulate the principal cloud

regimes, however none of the models analysed have a

good representation of trade cumulus in the tropics. The

models also share a difficulty in simulating those regimes

with cloud tops at mid-levels, with only ECHAM5 pro-

ducing a regime of tropical cumulus congestus. Optically

thick, high top cloud in the extra-tropics, typically asso-

ciated with the passage of frontal systems, is simulated

considerably too frequently in the ECHAM5 model. This

appears to be a result of the cloud type persisting in the

model after the meteorological conditions associated with

frontal systems have ceased. The simulation of stratocu-

mulus in the MIROC GCMs is too extensive, resulting in

the tropics being too reflective. Most of the global-mean

cloud response to doubled CO2 in the GCMs is found to

be a result of changes in the cloud radiative properties of

the regimes, rather than changes in the relative frequency

of occurrence (RFO) of the regimes. Most of the variance

in the global cloud response between the GCMs arises

from differences in the radiative response of frontal cloud

in the extra-tropics and from stratocumulus cloud in the

tropics. This variance is largely the result of excessively

high RFOs of specific regimes in particular GCMs. It is

shown here that evaluation and subsequent improvement

in the simulation of the present-day regime properties has

the potential to reduce the variance of the global cloud

response, and hence climate sensitivity, amongst GCMs.

For the ensemble of models considered in this study, the

use of observations of the mean present-day cloud re-

gimes suggests a potential reduction in the range of cli-

mate sensitivity of almost a third.

1 Introduction

General circulation models (GCMs) are the primary tools

used for climate change prediction. However, leading-or-

der measures of the climate change response, such as cli-

mate sensitivity, vary between state-of-the-art GCMs (e.g.
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Cubasch et al. 2001). It is desirable to reduce this uncer-

tainty if policy makers are to have confidence in making

potentially costly socio-economic decisions. Comparison

studies suggest that differences in the radiative feedback

from clouds account for much of the variation in climate

sensitivity between current GCMs (Cess et al. 1990; Senior

and Mitchell 1993; Webb et al. 2006; Soden and Held

2006; Ringer et al. 2006).

Evaluation of cloud in GCMs traditionally involved

comparing climatological maps of cloud variables (typi-

cally cloud radiative forcing, CRF, or total cloud amount)

simulated by the GCM, with observational data. Whilst it

is desirable that a model should be able to accurately

simulate the mean present-day climate, this does not

necessarily imply that the model will correctly simulate

feedback processes relevant to climate change. Recently,

evaluation has become more aligned with atmospheric

processes, with techniques being developed which aim to

separate clouds into particular ‘regimes’ before evaluat-

ing them. Various types of regime have been studied

including dynamical regimes based on vertical velocity

(e.g. Bony et al. 2004; Norris and Weaver 2001), surface

pressure regimes (Tselioudis et al. 2000), and physico-

dynamical regimes based on a combination of vertical

velocity with SST and/or lower tropospheric stability

(e.g. Ringer and Allan 2004; Williams et al. 2003, 2006).

Jakob and Tselioudis (2003) apply a statistical clustering

technique to International Satellite Cloud Climatology

Project (ISCCP) data over the tropical warm pool, to

separate clouds into regimes with similar cloud-top

pressures (CTP), cloud optical depths (s) and total cloud

covers (TCC). Rossow et al. (2005) extend the analysis

to provide a detailed examination of the observed cloud

regimes throughout the tropics, whilst Williams et al.

(2005) apply the clustering technique to two GCMs and

investigate the climate change response over four specific

geographical regions. This study builds on that of Ros-

sow et al. (2005) and Williams et al. (2005) by applying

the clustering methodology globally to six GCMs, for

which daily ISCCP simulator data (Klein and Jakob

1999; Webb et al. 2001) have been submitted to the

Cloud Feedback Model Intercomparison Project (CFMIP;

McAvaney and Le Treut 2003; http://www.cfmip.net).

The present-day characteristics of the cloud regimes are

evaluated and the climate change response is analysed.

The models, observational data and clustering technique

are described in the next section. The characteristics of the

mean present-day cloud regimes, as simulated by the

GCMs, are evaluated in Sect. 3. In Sect. 4 the climate

change response of the different GCMs are compared. The

potential of the regime evaluation to constrain the range of

climate sensitivity from the GCMs is investigated in

Sect. 5. A summary and discussion are in Sect. 6.

2 Models, observational data and methodology

2.1 Model description and experimental design

This study uses equilibrium control and 2 · CO2 atmo-

sphere—mixed-layer ocean (slab model) experiments

from GCMs which have been submitted to CFMIP. An

essential requirement of CFMIP is that models submitted

include the ISCCP simulator (Klein and Jakob 1999;

Webb et al. 2001; http://www.gcss-dime.gis.nasa.gov/

simulator.html). This code is designed to be embedded in

a GCM’s radiation scheme to produce diagnostics which

can be compared directly with the ISCCP observational

products. To date, the daily ISCCP simulator diagnostics

and top of atmosphere (TOA) fluxes which are required

for this study have been submitted for six atmosphere–

slab ocean models. These are listed in Table 1 and to-

gether form an ensemble of GCMs with some significant

structural differences, covering a factor of 2 in horizontal

and vertical resolution. Although three Hadley Centre

models are included, HadGSM1 and HadSM3 (slab-

model versions of HadGEM1 and HadCM3) have con-

siderable structural differences, including a different

dynamical core, resolution and many different or revised

physical parametrizations. HadSM4 is an intermediate

model, containing aspects of both HadSM3 and Had-

GSM1. The lower and higher sensitivity versions of the

MIROC 3.2 model differ in two respects: the temperature

range over which mixed phase cloud is simulated, and

the fact that melted cloud ice is rained-out in MIROC-lo

whilst it is converted to cloud water in MIROC-hi (Ogura

et al. 2007). The MIROC-lo model is the same as the

‘medium resolution’ MIROC model submitted to the

Intergovernmental Panel on Climate Change (IPCC)

Fourth Assessment Report database. MIROC-hi is at the

same resolution as MIROC-lo with the ‘hi’ referring to

sensitivity. It is not the same model as the high resolu-

tion version of the MIROC model which has been sub-

mitted to the IPCC Fourth Assessment Report database.

The surface temperature of each of the slab-ocean

models is maintained close to climatological values, in

the absence of ocean currents, by use of a monthly

varying heat flux. This is calculated in a calibration

experiment (performed for each model prior to the main

control and 2 · CO2 experiments) in which the SSTs are

reset to climatological values at each timestep. Five

years of daily data from the control and 2 · CO2 sim-

ulations at equilibrium are analysed in this study. An

exception is for the MIROC models, for which only

2 years of all the necessary daily diagnostics have been

submitted. Analysis of the other models indicates that the

results change very little between using 2 and 5 years of

daily data.
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2.2 Observational data

The cloud clusters produced from the GCMs are compared

with ISCCP observational data (Rossow and Schiffer

1991). The observational clusters are produced using the

ISCCP D1 product which contains cloud amount in six s
and seven CTP categories every 3 h and are re-gridded

onto a 2.5� grid (i.e. the dataset is formed of a s-CTP

histogram for each grid-point). The data are averaged to

daily means for comparison with the daily data available

from the models. Similar results are obtained when using 3-

hourly or daily data. The ISCCP D1 product and ISCCP

simulator diagnostics are only available at sun-lit points, so

the day-mean is the average of the 3-hourly samples during

daylight hours. Therefore, a significant bias in the diurnal

cycle of a model may bias the evaluation.

Cloud tops in ISCCP are derived from the thermal

infrared radiance of a cloudy pixel, which is translated to a

pressure using the TIROS Operational Vertical Sounder

(TOVS) temperature and humidity profiles. The presence

of an optically thin cloud above an optically thick one

would lift the pixel infrared emission level to the middle

troposphere resulting in the retrieval of a middle level

cloud in the place of the two overlapping cloud layers. The

use of the ISCCP simulator on the model cloud parameters

should account for this effect as it also outputs a middle

level cloud in a similar situation. In addition to this effect,

any systematic biases in the TOVS temperature and

humidity profiles would result to systematic errors in the

ISCCP cloud top pressures. Wang et al. (1999) show that

such TOVS errors produce cloud tops that are 50–60 hPa

too high in the Atlantic stratocumulus region.

Two datasets are used for derived observations of CRF:

the ISCCP FD product (Zhang et al. 2004) and the S4G

product from the Earth Radiation Budget Experiment

(ERBE). In the case of ERBE, clear-sky measurements are

only available on each day at places which are cloud-free,

hence monthly-mean clear-sky fluxes were subtracted from

the daily all-sky fluxes in order to produce a daily CRF. It

should be noted that unlike ISCCP FD, the ERBE dataset

contains a reasonable amount missing data, particularly

over land, which may lead to some bias in the CRF of

regimes in these areas.

Five years of observational data for the period March

1985–February 1990 are used for evaluation of the GCMs.

This period includes a large El-Niño southern oscillation

(ENSO) cycle. Since slab models do not simulate the

coupled atmosphere–ocean processes of the ENSO, the

observations are likely to contain more inter-annual vari-

ability than the GCMs.

2.3 Clustering methodology

The ISCCP cloud clustering uses the KMEANS clustering

algorithm (Anderberg 1973), as described by Jakob and

Tselioudis (2003). Each cluster centroid is initially seeded

with a random histogram from the full spatio-temporal

dataset. The method assigns each spatio-temporal data

point to the cluster whose centroid is closest (as measured

by the Euclidean distance) to the s-CTP histogram, then

recomputes the cluster centroid. The method works itera-

tively in order to produce the optimum set of resulting

cluster centroids. Thirty iterations have been found to be

sufficient to ensure convergence. Unlike Jakob and Tse-

lioudis (2003) and Rossow et al. (2005), the relatively

small number of grid-points with completely clear-skies

are removed before clustering. This has very little effect on

the ISCCP observational data (which has a clear-sky RFO

of less than 0.5%), but helps with the stability of the GCM

clusters for which the RFO of clear-sky can be up to 14%.

An empirical method to choose the number of clusters is

employed here which is one of the criteria used by Rossow

et al. (2005) in defining their number of clusters. The

method involves repeating the clustering, starting with two

clusters, increasing the number (n) of requested clusters by

one on each occasion. The process is stopped once the

correlation between any two resulting cluster centroid

histograms exceeds 0.9 (indicating that a cluster is being

repeated—Rossow et al. 2005). The n–1 cluster centroid

set is then retained. An additional criterion is employed

Table 1 List of models used in this study (all are atmosphere—mixed-layer ocean configurations of the model)

Model Resolution Nature of cloud scheme Main references

ECHAM5 T63 L32 Prognostic Roeckner et al. (2003)

HadSM3 N48 L19 Diagnostic Pope et al. (2002); Williams et al (2001)

HadSM4 N48 L38 Ddiagnostic Webb et al. (2001)

HadGSM1 N96 L38 Diagnostic Martin et al. (2006); Johns et al (2006)

MIROC-lo T42 L20 Diagnostic K-1 model developers 2004

MIROC-hi T42 L20 Diagnostic K-1 model developers 2004

Horizontal resolution is pre-fixed by ‘T’ for the truncation of spectral models and ‘N’ for half the number of east–west points for grid-point

models (this notation permits approximate comparison of the two model structures). The number of atmosphere levels is prefixed by ‘L’. Also

shown is whether the model uses prognostic or diagnostic cloud liquid water in its large-scale cloud scheme
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that the relative frequency of occurrence (RFO) of the least

common regime should not be less than 3.5%, as in these

cases the results were found to become sensitive to the

initial seeding of the clusters. Clusters produced in this way

also satisfy most of the tests for cluster uniqueness pro-

posed by Rossow et al. (2005).

In order to check for sensitivity to the seeding, the

clustering was repeated 40 times (each occasion including

the 30 iterations to produce the optimum centroids).

Identical cluster centroids had to be produced on at least

75% of occasions (100% was found to be too strict as,

particularly for the GCMs, some of the datasets appear to

contain several cloud regimes which occur very infre-

quently, but the major regimes tend to be repeated before

these very infrequent regimes are separated out).

The clustering of the ISCCP observational data has been

carried out using this method for the region 15�N–15�S.

The resulting clusters are extremely similar to those ob-

tained by Rossow et al. (2005) (with RFOs within 1%),

suggesting that some of the subjective differences in

methodology, use of daily rather than 3-hourly data, and

using 5 years rather than 21.5 years of data, have little

impact on the results.

The TCC and RFO for the resulting clusters is calcu-

lated, together with the average shortwave and longwave

CRF components (SCRF and LCRF) for spatio-temporal

grid points included in each cluster. Uncertainty estimates

have been calculated for these quantities using a bootstrap

method. The spatio-temporal data-points have been ran-

domly re-sampled 20 times to provide samples of the same

size as the original dataset, and the clustering repeated on

each. Two standard deviations of the results have been

calculated to provide approximately a 95% confidence

interval. One degree of freedom has been assumed as the

same data are being re-sampled each time, however this

assumption is conservative and will tend to slightly over-

estimate the uncertainty.

The GCM ISCCP simulator data from the control and

2 · CO2 runs are clustered using exactly the same method

as for observational data except that the histogram also

contains cloud amount in each CTP bin for optical depths

which are too small to be detected by ISCCP (s < 0.3).

Therefore the clustering algorithm uses 49 element histo-

grams from the GCMs compared with 42 element histo-

grams for the observational data. The model data are

clustered independently of the observational data, hence

different numbers of clusters are produced from each

model and from the observations (Table 2). Further re-

search is required to understand why some of the clusters

are not simulated individually by the GCMs and to correct

this deficiency. However, for the present study, to aid

comparison between models, several of the clusters are

subjectively combined to form a common set of ‘principal

cloud regimes’. Different numbers of clusters may be

produced for the 2 · CO2 simulation as the control, how-

ever this was found to be rare and the same principal cloud

regimes as identified from the control could be formed in

all cases.

The clustering and subsequent analysis has been carried

out on each model at the resolution of the model. This is to

ensure that individual cloud regimes are not combined,

particularly for those models where interpolation onto a

common grid would not involve an integer number of grid-

boxes. In order to test the sensitivity of the clusters to the

resolution, the horizontal resolution from HadGSM1 (the

highest resolution model used here) was degraded by half

(to be equal to the lowest resolution model), and the

clustering repeated. The clusters produced were indistin-

guishable from those produced at the full resolution and the

RFO, TCC and CRF were all well within the uncertainty

estimate due to variability.

To distinguish between clouds produced by different

processes and to isolate observational errors, it has been

found necessary to split the global analysis into three

geographical regions: the tropics (which is defined here as

20�N–20�S); the ice-free extra-tropics (regions polewards

of 20�N/S which are snow/ice-free in the present-day); and

regions which are ice/snow-covered in the present-day. The

area of the s-CTP histogram occupied by deep convective

cloud is similar to that occupied by frontal cloud (partic-

ularly for some of the GCMs), but the processes associated

with these two cloud types differ. Hence it is useful to

separately cluster the regions which contain each of these

cloud types. Twenty degree N/S is found to be the most

appropriate geographical separation for these two cloud

types, forming tropical and extra-tropical regions. It is also

desirable to separate those extra-tropical regions which are

ice/snow-covered from those which are ice-free, since the

observations are less reliable over high albedo surfaces. In

addition, changes in ice/snow cover under climate change

may result in a change in CRF. The boundary between the

ice-covered and ice-free extra-tropics is allowed to vary

Table 2 The number of clusters (excluding ‘clear-sky’) produced for

each region

Number

of tropical

clusters

Number

of extra-tropical

clusters

Number

of ice/snow

clusters

ISCCP 7 7 6

ECHAM5 5 9 7

HadSM3 4 6 3

HadSM4 6 7 5

HadGSM1 7 8 7

MIROC-lo 3 8 8

MIROC-hi 3 7 9
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spatio-temporally. Points which are snow or ice-covered

for the observational data are identified using the ISCCP-IS

product (Rossow et al. 1996). For those GCMs which have

submitted sea-ice and snow fractions or amounts, the

boundary is determined using the model fields, otherwise

(in the case of the MIROC models) the ISCCP-IS product

is used.

3 Evaluation of mean present-day cloud regimes

Comparison of the zonal-mean multi-annual-mean SCRF

and LCRF from the GCMs with two observational datasets

reveals that, in general, the models capture the main fea-

tures of the latitudinal variation in CRF (Fig. 1). No single

model may be considered particularly superior or deficient,

however a number of systematic errors can be identified.

These include the SCRF in the MIROC models (particu-

larly MIROC-lo) being stronger than observed in the tro-

pics; the mid-latitude SCRF maximum being too strong in

ECHAM5 in both hemispheres, and in the MIROC models

in the Southern Hemisphere; the LCRF being too weak in

HadSM3. This section uses the cloud regime based eval-

uation in order to identify the cause of some of these

systematic errors, and determine whether the overall sim-

ilarity of the zonal mean CRF is a result of the GCMs

simulating cloud regimes with comparable radiative prop-

erties, or whether a compensation of different regime

characteristics exists between the models.

3.1 Tropics

The observed mean histograms for each of the principal

cloud regimes in the tropics, and their geographical fre-

quency, are shown in Fig. 2. The regimes have been la-

belled as ‘shallow cumulus’; ‘mid-level convective cloud’;

‘stratocumulus’; ‘deep convective cloud and anvil’; ‘thin

cirrus’. The regime names indicate the main cloud type

which might be expected to occur, although it is recognised

that a morphological cloud type cannot be explicitly

identified from s-CTP-TCC alone. Similar histograms and

frequency maps for each of the models in each region are

available as electronic supplementary material (ESM

Figs. 1–8). Here, the main features of the simulated cloud

regimes will be summarised.

A regime with a low TCC (’Shallow Cumulus’) is

simulated by the Hadley Centre models, but not by the

other GCMs. ISCCP observations suggest that this regime

should be dominated by shallow cumulus in the presence of

a small amount of cirrus. Whilst the Hadley Centre models

produce some cirrus, there is little evidence of shallow

cumulus and Zhang et al. (2005) suggest that this under-

estimation of shallow cumulus is a general issue for GCMs.

Several cumulus clouds may exist within a single satellite

pixel with clear-sky between, so ISCCP may underestimate

the optical depth and overestimate the TCC of shallow

cumulus. If it is assumed that 40% of a pixel is covered by

cumulus with clear-sky between (Klein et al. 1995), then

the observed ISCCP regime with a maxima of 5.5% cloud

cover in the optical depth range 1.3–3.6 should be simu-

lated by the GCMs as being 2.2% cloud cover with an

optical depth in the range 5.5–25. However, all of the

models which simulate the regime have less than 1% cloud

cover in this range, hence satellite beam-filling only ac-

counts for some of the discrepancy.

ECHAM5 is the only GCM analysed which produces a

separate regime of cloud with tops at a mixture of different

levels, including mid-levels. However, the cloud simulated

by the model for this regime is considerably optically

thicker than that observed by ISCCP. The lack of an

accurate simulation of these two cloud regimes is of con-
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Fig. 1 Zonal-mean multi-annual-mean SCRF and LCRF for each of

the GCMs and for observational data from ISCCP FD and ERBE. The

observational zonal means are only shown 60�N–60�S due to the

datasets being considered less reliable over regions covered by ice/

snow
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cern since they may produce a cloud feedback process

which is missing from the GCM ensemble.

All of the GCMs except ECHAM5 simulate a strato-

cumulus regime (Fig. 3), although the properties of the

regime show considerable variation amongst the models

(Fig. 4). The regime s-CTP histogram from HadSM4 has

the smallest Euclidean distance to the ISCCP observed

histogram, which indicates that the simulation of the re-

gime from this model is closest to ISCCP (Table 3). (The

Euclidean distance between the simulated and observed

histograms for the other regimes are available as ESM

Tables 1, 2). In the MIROC models and HadSM3, the

stratocumulus is too optically thick, which in the case of

HadSM3 results in a SCRF which is around double what is

observed (Fig. 4). Both of the CRF components are accu-

rately simulated by HadSM4 whereas most of the other

models have an excessive SCRF for this regime. The

tropical mean RFO and geographical location of the regime

is particularly well simulated in HadSM4. Whilst Had-

GSM1 simulates stratocumulus with a reasonably similar

RFO in the traditional ‘stratocumulus regions’, the RFO is

lower than observed elsewhere in the subtropics. The re-

gime is generally simulated too infrequently in HadSM3

and too often in the MIROC models, partly compensating
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Fig. 2 Top: mean CTP-s regime histograms resulting from clustering

daily ISCCP data over the tropics (20�N–20�S). Some of the clusters

have been combined to form a set of principal cloud regimes. Colours
indicate the cloud amount (%) in each CTP-s category. Note that the

pale yellow includes cloud amounts up to 2% (including 0%). Bottom:

the temporal proportion of each grid-box (as a fraction of the total

number of days) included in each regime
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ISCCP observations
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Fig. 3 Top: mean CTP-s histograms for the tropical stratocumulus

regime resulting from ISCCP and from each GCM. Bottom: The

temporal proportion of each grid-box (as a fraction of the total

number of days) included in the tropical stratocumulus regime.
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for their lack of a shallow cumulus regime. This excessive

RFO of stratocumulus is the main cause of the tropical

SCRF being too strong in the MIROC models (Fig. 1).

Following Jakob et al. (2005), it is useful to examine the

meteorological characteristics associated with the regime

to aid understanding of the differences in the cloud simu-

lation between the GCMs. Mean thermodynamic profiles

for each of the models and two re-analyses are shown in

Fig. 5 for the stratocumulus regime. The re-analyses are

the European Centre for Medium Range Weather Forecasts

(ECMWF) 40 year re-analysis (ERA-40) (http://www.ec-

mwf.int/products/data/archive/descriptions/e4) and the

National Center for Atmospheric Research (NCAR)/Na-

tional Centers for Environmental Prediction (NCEP) re-

analysis (Kalnay et al. 1996). Those data-points assigned to

the stratocumulus regime in clustering the ISCCP data are

extracted from the re-analyses and averaged. The impor-

tance of lower tropospheric stability on the formation of

stratocumulus has been highlighted by several studies (e.g.

Klein and Hartmann 1993; Williams et al. 2006). The re-

analyses and the Hadley Centre models have evidence of a

hes (saturated equivalent potential temperature) inversion at

the top of the boundary layer, which distinguishes the re-

gime from the shallow cumulus case (not shown). Such an

inversion is present but much weaker in the mean profile

for MIROC models, suggesting that the large amount of

‘stratocumulus’ in these models is not due to a strong

inversion over an excessively large area. However, the

MIROC boundary layer profiles are the most humid of the

GCMs which is likely account for the large amount of low

cloud. The temperature and dew point profiles in the lower

troposphere for stratocumulus appear closest to the re-

analyses in HadSM4, which may be associated with this

model having a good simulation of stratocumulus cloud

(Martin et al. 2000).

All of the models simulate regimes of deep convective

cloud and thin cirrus. Several of the models simulate a deep

convective tower and some cirrus, however there is little

cloud with intermediate optical depths, which is charac-

teristic of a convective anvil. With the exception of

HadSM4 and HadGSM1, the GCMs tend to have CRF

components which are weaker than observed for these re-

gimes, whilst simulating the regime more frequently than is

indicated by ISCCP.

All of the models have completely cloud-free grid-boxes

more often than is observed by ISCCP, particularly EC-

HAM5 for which the lack of stratocumulus is largely

substituted for with clear-sky. However, it is possible that

some of the ‘stratocumulus’ observed over northern Africa

is actually Saharan dust (e.g. Haywood et al. 2005). If this

is the case, some of the discrepancy between the models

and observations may be accounted for.

3.2 Ice-free extra-tropics

Over those spatio-temporal grid-points polewards of 20�N/

S, which are free of ice or snow, five principal regimes may

be identified from the observational clusters (Fig. 6). The

observed regimes are: ‘shallow cumulus’; ‘stratocumulus’;

‘cirrus’; ‘mid-level cloud’; ‘frontal’ (although this regime

will be referred to as ‘frontal’, the horizontal resolution of

the data considered here are insufficient to explicitly re-

solve mesoscale frontal features).

The most frequently occurring cloud type is the shallow

cumulus regime. Unlike the tropics, all of the models ex-

cept ECHAM5 (which does not simulate this regime)

produce some low cloud in the regime and the cluster

centroid from HadSM4 may be considered reasonably

realistic, given the satellite beam-filling caveats on the

observations which were discussed above. As in the tro-

Table 3 Euclidean distance (%) between the mean s-CTP regime

histograms from each model and those observed by ISCCP for the

tropical stratocumulus regime. (ECHAM5 does not simulate the re-

gime

HadSM3 36.6

HadSM4 10.7

HadGSM1 17.7

MIROC-lo 24.2

MIROC-hi 22.7
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Fig. 5 Vertical profile of mean temperature (solid) and and specific

humidity (dashed) for ERA-40 and NCAR/NCEP re-analyses, and for

each GCM. Profiles are plotted on a standard UK tephigram for the

tropical stratocumulus cloud regime
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pics, most of the models simulate a stratocumulus regime

with cloud which is thicker than observed, simulated less

frequently than ISCCP in HadSM3 and more frequently

than ISCCP in the MIROC models. Again, the simulated

histograms from HadSM4 and HadGSM1 have the smallest

Euclidean distance to those from ISCCP (ESM Table 2).

The observed regime with cloud top at mid-levels may

be associated with cumulus congestus cloud capped by a

stable layer at mid-levels and forming anvils (Webb et al.

2001). This normally occurs in cold air outbreaks behind

cold fronts, as air from high latitudes is advected equator-

wards and is heated from below by a relatively warm ocean

surface. Examination of the geographical locations of the

regime provides support for this interpretation as there is a

maxima in RFO extending southeast from the Labrador

Basin, south from the Bering Sea, and close to the mean

Antarctic ice edge (Fig. 6). A contribution to this regime is

also likely to occur from multi-layer cloud structures which

exist ahead of frontal systems (Tselioudis and Jakob 2002).

Only HadSM4 simulates a mid-level regime, and even in

this model, the cloud top is lower than indicated by ISCCP.

Simulating too little mid-level cloud is a general problem
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Fig. 6 Top: mean CTP-s regime histograms resulting from clustering

daily ISCCP data over the ice-free extra-tropics (polewards of 20�N/

S). Some of the clusters have been combined to form a set of principal

cloud regimes. Bottom: the temporal proportion of each grid-box (as a

fraction of the total number of days) included in each regime
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amongst contemporary GCMs (Webb et al. 2001; Zhang

et al. 2005) and is likely to be mainly due to a lack of mid-

level convective detrainment and poor simulation of multi-

layer cloud structures (Tselioudis and Jakob 2002).

A regime of high-top, optically thick cloud associated

with mid-latitude frontal systems is simulated by all of the

GCMs although in several cases, the simulated regime

contains cloud which is optically thicker than ISCCP

(Fig. 7). The regime is simulated over six times more

frequently in ECHAM5 than is observed by ISCCP with

more than half of the spatio-temporal grid-points in the

region being assigned as ‘frontal’ for this GCM. The high

RFO of this regime in ECHAM5 results in the mid-latitude

zonal-mean SCRF being too strong (Fig. 1).

Examination of the mean thermodynamic profiles for the

frontal regime reveals considerable spread amongst the

GCMs (Fig. 8), however ECHAM5 is unusual in that the

profile is particularly dry throughout the troposphere. In

addition, the re-analyses and most of the models suggest

frontal cloud is associated with strong ascent, but EC-
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Fig. 7 Top: mean CTP-s histograms for the extra-tropical frontal regime resulting from ISCCP and from each GCM. Bottom: the temporal

proportion of each grid-box (as a fraction of the total number of days) included in the extra-tropical frontal regime
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HAM5, on average, simulates weak descent for this regime

(Table 4). Since these meteorological conditions would not

normally be associated with frontal cloud, it is likely that

frontal cloud is formed with ascent in moist conditions in

ECHAM5, but persists (possibly enabled by having a

prognostic cloud scheme) even when the air is subse-

quently undergoing descent. The persisting thick, high

cloud would account for the considerable overestimate of

the RFO of ‘frontal cloud’ in this model. The temperature

profile for most of the models indicates a cold bias relative

to the re-analyses, but ECHAM5 is warmer. This reflects

differences in the geographical location of the regime with

most of the models simulating the frontal cloud regime

polewards of that observed by ISCCP over the Southern

Ocean. In contrast, the widespread occurrence of thick,

high cloud in ECHAM5 results in a warm bias for this

model.

3.3 Ice and snow-covered regions

Those regions which are snow or ice-covered are now

considered. The ISCCP observational datasets are less

reliable over ice/snow at high latitudes, hence caution is

required surrounding their use for evaluation in this region.

Four principal cloud regimes may be identified from IS-

CCP and amongst the models: a low TCC regime; a regime

of optically thicker cloud which is probably associated with

decaying frontal systems, a regime of low cloud, and a

regime dominated by cirrus (Fig. 9).

As in the ice-free extra-tropics, ECHAM5 simulates the

‘frontal’ regime more frequently and with a higher cloud

top than ISCCP or any of the other GCMs. In common with

ISCCP, most of the models simulate a regime with a low

TCC occurring most frequently over over high ground (the

East Antarctic ice sheet, Greenland and the Tibetan pla-

teau), however ECHAM5 and MIROC-lo simulate the

cirrus regime most frequently in these regions. All of the

models except ECHAM5 have a regime of optically thicker

low cloud which occurs most frequently over the Southern

Ocean and Arctic Ocean, as indicated by ISCCP.

4 Climate change response

4.1 Climate change analysis methodology

Following Bony et al. (2004) and Williams et al. (2005),

the average cloud radiative forcing over a region, CRF; can

be obtained from clustered cloud regimes by:

CRF ¼
Xnregimes

r¼1

RFOrCRFr ð1Þ

where RFOr is the RFO of regime r, and CRFr is the

average cloud radiative forcing in regime r. The change in

cloud radiative forcing in response to doubling CO2 is then

given by:

DCRF ¼
Xnregimes

r¼1

CRFrDRFOr þ
Xnregimes

r¼1

RFOrDCRFr

þ
Xnregimes

r¼1

DRFOrDCRFr ð2Þ

The first term on the right-hand-side represents the

contribution to DCRF from the change in the RFO of the

regime; the second represents the change in CRF within the

regime; and the third reflects a co-variation of RFO and

CRF (this is found to be generally much smaller than the

other two). In this section, the climate change response for

each regime is decomposed into the components of Eq. 2.
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Fig. 8 As Fig. 5, but for the extra-tropical frontal regime

Table 4 Five hundred hectopascal of mean vertical velocity (hPa/

day) (negative for ascent) for those grid-points assigned to the

‘frontal’ regime over the ice-free extra-tropics

ERA-40 –98.1

NCAR/NCEP –84.2

ECHAM5 10.8

HadSM3 –97.0

HadSM4 –92.2

HadGSM1 –96.5

MIROC-lo –82.5

MIROC-hi –82.5
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The components are normalised by the global-mean cli-

mate sensitivity (the equilibrium surface temperature re-

sponse to a doubling of CO2) of the respective model in

order to identify differences in local cloud feedback pro-

cesses (Boer and Yu 2003; Webb et al. 2006).

Evaluation of the cloud response to climate change in

the context of cloud regimes involves evaluation of each of

the terms on the right-hand-side of Eq. 2. Clearly, only

those regimes that are simulated by the model can be

evaluated using this method. Evaluation of the present-day

CRFr and RFOr in Eq. 2 is, in principle, straightforward

and may be achieved through a comparison of the prop-

erties of the mean cloud regimes as simulated by the GCMs

with observations, as undertaken in the previous section.

Evaluation of DRFOr and DCRFr is more difficult. One

approach may be to find proxies for the climate change

response in present-day variability. It is intended that future

work will address the evaluation of these change terms.

4.2 Tropics

The total response to doubling CO2 over the tropical re-

gion is a positive DNCRF in all of the models (Fig. 10).

This appears to be primarily a result of a positive change

in the NCRF of the cloud regimes, rather than a net

change in the RFO of the regimes (i.e. the black bars in

the left column of Fig. 10 are mainly formed from the red

bar, with only a small contribution from the blue bar).

Some of the GCMs do simulate changes in the RFO of

the regimes, however the radiative response tends to

approximately cancel on the large scale. For example, in

HadSM3 there is a reduction in the RFO of cirrus, leading

to a positive change in the NCRFr DRFOr term (the SCRF

component of this regime being slightly stronger than the

LCRF), however the radiative effect is compensated for

by an increase in the RFO of the shallow cumulus regime

and stratocumulus.
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Fig. 9 Top: mean CTP-s regime histograms resulting from clustering

daily ISCCP data over spatio-temporal regions covered by snow/ice.

Some of the clusters have been combined to form a set of principal

cloud regimes. Bottom: the temporal proportion of each grid-box (as a

fraction of the total number of days) included in each regime
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The inter-model variance in DNCRF for the tropics can

be seen to be dominated by differences in the response of

stratocumulus, consistent with Webb et al. (2006) and

Bony and Dufresne (2005). Again, this variance is largely

due to differences in the radiative response of the regime

rather than differences in the RFO response. The variance

is mainly a result of the MIROC models having a large

weakening of stratocumulus SCRF whilst the other GCMs

show a much smaller weakening or no change. In HadSM3,

HadSM4 and both MIROC models there is a reduction in

the TCC of stratocumulus, with in-cloud s and CTP of the

regime being largely unchanged (i.e. when stratocumulus is

formed in the 2 · CO2 simulation, on average a smaller

fraction of the grid-box is covered, or it is present for a

shorter time in the day, than in the control). The regime-

mean reduction in TCC (per K of warming) of all four
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Fig. 10 The change in NCRF

in response to doubling CO2,

normalised by the change in

global mean surface

temperature, decomposed into a

contribution from each term in

Eq. 2. Results are shown for

each tropical cloud regime and

for the total from all the

regimes, hence the far left black

bars are the DNCRF for the

region. The vertical lines at the

end of each bar represent

uncertainty estimates due to

inter-annual variability
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models is reasonably similar, however the radiative effect

of this reduction in TCC is larger in HadSM3 and the

MIROC models than HadSM4 because the optical depth of

the regime is greater (Fig. 3). However, the overall radia-

tive impact of the regime across the tropics (RFOr

DNCRFr) is considerably higher in the MIROC models

(Fig. 10) due to the RFO of stratocumulus being much

higher than in HadSM3 (Fig. 4). Therefore, much of the

difference in the radiative response of stratocumulus to

doubled CO2 between models in this ensemble is due to

differences in the present-day regimes simulated by the

models, rather than differences in the change in grid-box

cloud cover or cloud properties.

Given the evaluation of the control climate against IS-

CCP data presented in Sect. 3, the net radiative response of

stratocumulus in the MIROC models appears excessive due

to the RFO and optical depth of the regime being higher

than observed. The sensitivity of the stratocumulus re-

sponse to the regime-mean characteristics highlighted

above, and its importance in contributing to variability in

the net tropical response, suggests that future improve-

ments in the simulation of this regime in GCMs may re-

duce the variation in the cloud feedback over the region

20�N–20�S.

4.3 Ice-free extra-tropics

As in the tropics, most of the variance in the DNCRF for

the extra-tropics arises from different changes in the radi-

ative characteristics of the regimes. The variance in
P

RFOr DNCRFr largely arises from differences in the radi-

ative response of the frontal cloud regime (Fig. 11). In

particular, there is a strengthening of frontal cloud SCRF in

ECHAM5 leading to a large negative RFOr DNCRFr,

whereas there is a small positive change in the other

models. It is possible that a change in SCRF could occur

through a simple latitudinal shift in a regime, due to the

change in insolation. An additional bar has been added to

Fig. 11 in which the SCRF is divided by the local insola-

tion and multiplied by the regional annual-mean insolation

before the difference between the simulations is calculated.

This normalised change exhibits a similar level of inter-

model variance, indicating that changes in the clouds, ra-

ther than in their location, drive the variance in RFOr

DNCRFr between the models.

Changes in the TCC of the frontal regime are very small

in all of the models, hence the radiative response is mainly

a result of changes in s and CTP. In all of the models, there

is an increase in cloud top height associated with a lifting

of the tropopause in a warmer climate (Wetherald and

Manabe 1988) (Fig. 12). In all but the MIROC models,

there is only a small DLCRFr associated with this lifting as

the difference in temperature between the cloud top and

clear-sky average emission level in the lower troposphere

is largely unchanged, i.e. the whole profile warms

(Tompkins and Craig 1999). However, in the case of the

MIROC models, the warming aloft is less than at lower

levels, hence the temperature difference between the cloud

top and clear-sky average emission level increases. This

results in a considerable increase in LCRF (this is larger in

MIROC-hi due to the higher climate sensitivity of this

model - DLCRFr normalised by the climate sensitivity is

similar for the two models). The sign of DSCRFr varies

between the GCMs. In ECHAM5 and MIROC-lo there is a

strengthening of SCRF due to an increase in the average

optical depth of the regime. The very high RFOr of frontal

cloud in the ECHAM5 control (Fig. 7) results in the con-

siderable negative RFOr DNCRFr response of this regime

which can be seen in Fig. 11. The evaluation in Sect. 3

indicates that the high RFO of frontal cloud in ECHAM5 is

in error, hence whilst the processes leading to a strength-

ening of the SCRF at grid-points containing frontal cloud

may or may not be correct, the very large negative RFOr

DNCRFr in ECHAM5 is questionable since it is a conse-

quence of the excessive RFO.

The increase in LCRF described above in the MIROC

models is partly offset in MIROC-lo by a strengthening of

the SCRF associated with increased s. In contrast, frontal

cloud in MIROC-hi becomes optically thinner, with evi-

dence of more cirrus being simulated within the frontal

cloud regime. This leads to a weakening of SCRF in MI-

ROC-hi, which adds to the strengthening LCRF, resulting
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Fig. 11 The change in NCRF in response to doubling CO2,

normalised by the change in global mean surface temperature, for

the frontal regime over the ice-free extra tropics. Also shown is RFO

DnNCRF in which the SCRF component is normalised by the

insolation (and multiplied by the mean insolation for the region).

Note: the scale differs from Fig. 10
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in a larger positive DNCRFr, contributing to the higher

sensitivity of this model. This is consistent with the find-

ings of Ogura et al. (2007), who attribute the cause of the

different sensitivity between the MIROC models to an in-

crease in cloud water in MIROC-lo compared with a

reduction in MIROC-hi (due to enhanced auto-conversion

and ice sedimentation in the latter) over the Southern

Hemisphere mid-latitudes.

In ECHAM5 there is also a reduction in the RFO of

frontal cloud leading to a positive NCRFr DRFOr, however

this is largely compensated for by an increase in the RFO

of stratocumulus, much of which is geographically co-lo-

cated (not shown). Therefore in ECHAM5, some frontal

cloud is being replaced with stratocumulus which has a

similar NCRF.

4.4 Ice and snow-covered regions

This region is analysed separately as the cloud masking of

snow/sea-ice which reduces under climate warming can

lead to a strengthening of SCRF even with no change in

cloud (e.g. Cess et al. 1990; Winton 2005). Hence quan-

titative changes in CRF should be treated cautiously,

however use of the ISCCP simulator data permits at least a

qualitative assessment of whether the change in CRF is

approximately consistent with any cloud change.

The DNCRF over ice/snow-covered regions is large and

negative (through a strengthening of SCRF) in all of the

models (not shown). The overall response is again domi-

nated by changes in the radiative properties of the regimes,

but the regimes with the largest contribution to DNCRF

vary between the GCMs. In most of the models RFOr

DNCRFr is largest in the low TCC and low cloud regimes.

Whilst some of this response may be a cloud masking ef-

fect, analysis of changes in the regime histograms reveals

that the cloud is tending to become optically thicker in the

2 · CO2 climate (Fig. 13). This would suggest that much

of the increase in SCRF is cloud related, rather than being

due to clear-sky processes.

5 Potential to constrain the range of climate sensitivity

This section relates the response of each of the regimes

computed in Sect. 4 with the global climate sensitivity to a

doubling of 2 · CO2. The analysis thus far has considered

three geographical regions, however each region is a dif-

ferent size and the analysis presented has only considered

sun-lit points. The total change in the CRF components

from clustering each region are now multiplied by the

fractional area of the globe covered by the region. In

addition, the SCRF components for the polar region are

ECHAM5
∆SCRF=5.8+/0.3Wm–2

∆LCRF=0.7+/0.1Wm–2

0.0 0.3 1.3 3.6 9.4 23.0 60.0
1000
800

680

560

440

310

180

HadSM3
∆SCRF=6.1+/1.1Wm–2

∆LCRF=1.1+/0.3Wm–2

0.0 0.3 1.3 3.6 9.4 23.0 60.0
1000
800

680

560

440

310

180

HadSM4
∆SCRF=2.0+/1.0Wm–2

∆LCRF=0.5+/0.4Wm–2

0.0 0.3 1.3 3.6 9.4 23.0 60.0
1000
800

680

560

440

310

180

HadGSM1
∆SCRF=3.7+/0.9Wm–2

∆LCRF=1.1+/0.3Wm–2

0.0 0.3 1.3 3.6 9.4 23.0 60.0
cloud optical thickness

1000
800

680

560

440

310

180

cl
ou

d 
to

p 
pr

es
su

re
 (

hP
a)

MIROC–lo
∆SCRF=3.9+/1.4Wm–2

∆LCRF=11.1+/0.4Wm–2

0.0 0.3 1.3 3.6 9.4 23.0 60.0
1000
800

680

560

440

310

180

–6 6–4 4–2 2

MIROC–hi
∆SCRF=5.7+/1.2Wm–2

∆LCRF=20.8+/0.5Wm–2

0.0 0.3 1.3 3.6 9.4 23.0 60.0
1000
800

680

560

440

310

180

Fig. 12 Change in response to doubling CO2 in regime-mean CTP-s histograms for the frontal cloud regime over the ice-free extra-tropics. Also

shown at the top of each panel is the mean DSCRFr and DLCRFr
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also multiplied by the spatio-temporal fraction of the re-

gion which is day-lit (i.e. the fraction for which ISCCP

simulator diagnostics are produced). It is assumed that the

mean LCRF obtained during the polar night is not very

different to that obtained when it is light (this has been

tested in several of the models and been found to be

approximately true). The sum of the three regions therefore

generates the global mean change in NCRF (Fig. 14).

With the exception of ECHAM5, all of the GCMs have

a positive global DNCRF which arises from consistently

positive contributions from the tropics and extra-tropics

and negative contribution of the ice covered regions. The

largest contribution to the global mean variance in DNCRF

is from the ice-free extra-tropics and it has been shown

above that a large contribution to the variance in this region

results from differences in the response of frontal cloud. A

secondary contribution to the global variance occurs from

the tropical region, mostly resulting from differences in the

stratocumulus response. The significant contribution to the

variation in the global response from frontal cloud appears

to contradict the result of Webb et al. (2006), whose global

analysis suggests the main uncertainty arises from the re-

sponse of low clouds. However, a large contribution to the

variance found in the ensemble considered here is a result

of the negative DNCRF in ECHAM5 and this model is not

analysed by Webb et al. (2006). The more general result of

several studies (e.g. Webb et al. 2006; Bony and Dufresne

2005; Williams et al. 2006) is that most of the variation in

the cloud response between models is in DSCRF rather

than DLCRF and this remains valid for the ensemble

considered here.

It has been shown qualitatively that much of the vari-

ance in the global mean change in NCRF between the

GCMs is likely to be due to differences in the mean

present-day regime characteristics, especially the regime

RFO. We now aim to quantify the effect of these mean

present-day differences on the variance of the cloud re-

sponse, and on the range of climate sensitivity. Each of the

terms in Eq. 2 is re-calculated with the present-day RFOr

and NCRFr parts replaced with the observed values for

each regime as obtained from ISCCP. The DNCRF and

DRFO parts are taken from the respective model as before.

This provides an indication of the likely DNCRF if the

GCMs were able to simulate the mean present-day regime

properties as observed, and assuming the response of each

regime is as before.

The pale coloured bars in Fig. 14 show the resulting

change for each component in Eq. 2, over each region and

for the global-mean, using this ‘observationally con-

strained’ method. When constrained in this manner, all of

the GCMs produce positive tropical and extra-tropical

contributions to the global mean DNCRF and negative

contributions from the ice-covered regions. The standard

deviation of the global-mean DNCRF is just over a third of

that obtained when using data from the GCMs. This mainly

results from a reduction in the variance of the
P

RFOr
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Fig. 13 Change in response to doubling CO2 in regime-mean CTP-s histograms for the low cloud regime over the region covered by snow/ice in

the control. Also shown at the top of each panel is the mean DSCRFr and DLCRFr. (ECHAM5 does not simulate this regime)
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DNCRFr term in Eq. 2. Whilst the impact of using the

observed NCRFr in the
P

NCRFr DRFOr term is smaller,

it does slightly increase the variance of the extra-tropics.

The difference in global-mean DNCRF between the

calculation constrained with observed data, and that ob-

tained using just the model data, can be used to estimate the

likely effect on the climate sensitivity parameter (k), using

the forcing due to doubling CO2 from the respective GCM

(e.g. Cess et al. 1990). Hence, the effect on the climate

sensitivity can be estimated (Table 5). For the GCM

ensemble analysed here, the effect of using observed

present-day regime characteristics in the calculation of
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Fig. 14 Contribution of each

region to the global-mean

DNCRF; normalised by the

change in global mean surface

temperature response. The

means for each region are

weighted by the area of that

region and the shortwave

component is also weighted by

the number of day-lit data-

points. Also shown in the pale

colours, are the changes in

NCRF if observations of

present-day RFOr and NCRFr

are used with the models’

DNCRFr and DRFOr in the

calculation of each term in

Eq. 2
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DNCRF is to increase the sensitivity of the models with the

lowest climate sensitivity, and reduce the sensitivity of the

higher sensitivity models. ECHAM5 goes from being the

lowest sensitivity model to the highest, although the

DNCRF in the constrained case is not excessive compared

with the other models. This implies that ECHAM5 has a

relatively high clear-sky sensitivity which is partly offset-

ting the negative global mean DNCRF (Fig. 14), to give the

model a sensitivity of 3.3 K.

Both the range and standard deviation of the climate

sensitivities are reduced using the observational data

compared with the actual GCM values. The range of cli-

mate sensitivity is found to reduced by almost a third, from

3.2 to 2.2 K. This suggests that if the present-day charac-

teristics of the simulated cloud regimes can be made more

realistic, the range of climate sensitivity amongst GCMs

may be reduced. Of course, the calculation constrained by

observations presented here is only illustrative. If the

parametrizations in the GCMs are modified to provide

simulated cloud regimes which are closer to observations,

aspects of the cloud response to doubling CO2 are also

likely to change. In addition, only six GCMs are considered

here. The diagnostic technique presented in this study

needs to be applied to more models before it can be

demonstrated that evaluation of the present-day cloud re-

gimes in GCMs could be generally used to constrain the

variation in climate sensitivity amongst models. However,

the results presented above are encouraging.

6 Conclusions

A comparison exercise has been carried out on cloud re-

gimes simulated by an ensemble of GCMs. A cloud clus-

tering technique has been applied to consistently-produced

model diagnostics to define principle cloud regimes glob-

ally, which can then be evaluated against observational

data. Such an approach yields more detail about particular

cloud types in error, than the more traditional approach of

analysing the cloud in specific geographical regions (or

zonal-means), where individual cloud types may be mixed

temporally.

It is important for the analysis of the cloud response to

climate change that at least some members of the model

ensemble simulate each regime well. It is therefore of

concern that none of the GCMs have a good representation

of tropical trade cumulus in the ‘shallow cumulus’ regime.

The simulation of cloud regimes with cloud tops at mid-

levels also appears to be problematic for GCMs. Several of

the models, and particularly HadSM3, simulate deep con-

vective, stratocumulus and frontal cloud which is too

optically thick. In the tropics, the MIROC models simulate

stratocumulus more frequently than is observed, whilst

HadSM3 only simulates this regime with a third of the

frequency of ISCCP. In the extra-tropics, ECHAM5 sim-

ulates frontal cloud much more often than is observed by

ISCCP. This appears to be due to high, optically thick

cloud persisting in this model after meteorological condi-

tions associated with frontal cloud have ceased. Overall,

the mean cloud regime histograms and regime properties

are closest to those observed in HadSM4 and HadGSM1.

The cloud response to climate change in the context of

these principal cloud regimes has also been investigated.

Whilst there are changes in the RFO of the regimes under

climate change, the net radiative effect is found to be rel-

atively small. It is not obvious that this would be the case

since it is plausible that, for example, there could be an

increase in the RFO of a high NCRF regime at the expense

of one with a low NCRF (or of opposite sign). However in

the GCMs investigated here, the product of NCRF and

Table 5 For each model: the difference in global-mean DNCRF

between that calculated for the model and that calculated when the

observed present-day RFOr and NCRFr is used in Eq. 2 (i.e. the grey
bar minus the black bar in Fig. 14); the climate sensitivity parameter

(k) from the GCMs and that constrained by the observational data; the

climate sensitivity (calculated as the difference in global-mean

surface temperature between the 5-year periods of the 2 · CO2 and

control simulations analysed here—these figures may be slightly

different from those reported elsewhere due to different periods of the

simulation being averaged) and that constrained by the observational

data

Model Difference in

DNCRF (Wm–2/K)

Model k (Wm–2/K) Obs. constr. k (Wm–2/K) Model clim. sens. (K) Obs. constr.

clim. sens. (K)

ECHAM5 0.49 1.21 0.72 3.3 5.6

HadSM3 0.17 1.06 0.89 3.5 4.2

HadSM4 0.03 1.00 0.97 3.7 3.8

HadGSM1 –0.11 0.83 0.94 4.6 4.1

MIROC-lo –0.12 0.79 0.91 3.9 3.4

MIROC-hi –0.19 0.48 0.67 6.5 4.7

Range 0.73 0.30 3.2 2.2

Std. dev. 0.25 0.12 1.2 0.8
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DRFO largely cancel at global scales. Instead, most of the

global cloud response to climate change arises through

changes in the radiative properties of the individual re-

gimes.

A large proportion of the variance in the global cloud

response of the six models considered arises from differ-

ences in the radiative response of frontal cloud in the ice-

free extra-tropics and from stratocumulus in the tropics. In

both cases, much of the variation in the radiative response

in this model ensemble is due to differences in the present-

day regimes simulated by the models (specifically the

RFO), rather than differences in the change in grid-box

cloud cover or cloud properties. Since the evaluation of the

present-day regimes indicates that the RFO of both frontal

cloud in ECHAM5 and stratocumulus in the MIROC

models is excessive when compared with ISCCP, the large

response of these regimes in the three models may be

questioned. This result suggests that work to improve the

simulation of regime RFO in GCMs may be considered

a priority.

Observations of the present-day RFOr and CRFr for the

cloud regimes have been used with the model estimates of

DCRFr and DRFOr to constrain the global-mean DNCRF;

and climate sensitivity. For the GCM ensemble used in this

study, use of observational data achieves a reduction in the

range of climate sensitivity of almost a third. Therefore, the

evaluation presented here shows potential to reduce the

range of climate sensitivity amongst GCMs through eval-

uation and subsequent model improvement.

It is useful when evaluating GCMs to have a set of

simple quantitative metrics by which to assess the models.

The difference in global-mean DNCRF between the GCM

and that constrained by observations (left column of

Table 5) provides one possible metric for evaluating the

present-day cloud regimes. It implicitly weights the

importance of the radiative climate change response of the

regimes and, when decomposed, it highlights to model

developers the regimes which require particular attention

for reducing the current variation in cloud radiative re-

sponse amongst GCMs. However, this metric does not in-

clude an assessment of whether the model actually

simulates a particular regime and it does not evaluate the

DRFOr and DCRFr terms in Eq. 2. Comparison of other

simulated meteorological variables with observations/re-

analyses, such as the regime mean temperature and

humidity profiles will assist in assessing the realism of the

regime.

This study has considered an ensemble of six GCMs in

order to test the methodology and its potential for reducing

uncertainty in cloud response to climate change. However,

this ensemble is relatively small in comparison with the

number of GCMs considered by the IPCC, and some of the

models analysed here are reasonably similar to each other

(e.g. the two MIROC models). It is therefore highly

desirable that this methodology be applied to other GCMs.

In order to achieve this, we continue to encourage mod-

elling centres to submit daily data to the CFMIP and would

welcome the CFMIP diagnostic lists becoming a standard

part of the data requirements for the IPCC Fifth Assess-

ment Report.
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